Autofluorescence is a major challenge in complex tissue imaging when molecules present in the biological tissue compete with the fluorophore. This issue may be resolved by designing organic molecules with long fluorescence lifetimes. The present work reports the two-photon absorption (TPA) properties of a thermally activated delayed fluorescence (TADF) molecule with carbazole as the electron donor and dicyanobenzene as the electron acceptor (i.e., 4CzIPN). The results indicate that 4CzIPN exhibits a moderate TPA cross-section ($9 Â 10 À50 cm 4 s photon
Recently, fluorescence lifetime imaging (FLIM) has attracted significant attention as it enables elimination of short-lived background fluorescence and provides high signalto-noise ratios.
1 To date, considerable efforts have focused on developing suitable emissive probes, with long-lived fluorescence lifetimes, which may be used in FLIM. [2] [3] [4] Among the various emissive materials, phosphorescent materials are the most important probes in FLIM because of their relatively long lifetimes, with some in the order of seconds. 5, 6 However, the application of phosphorescent materials in FLIM is limited by their relatively weak phosphorescence and concerns about unknown long-term toxicity caused by heavy metals present in such materials. Therefore, efforts should focus on developing pure organic molecules with long-lived fluorescence lifetimes, ultrabright emission, and biocompatibility for FLIM applications.
Although numerous fluorescent dyes have been reported to be nontoxic to cells, most suffer from the limitation of short fluorescence lifetimes (in the nanosecond range). 7, 8 Therefore, conventional organic dyes cannot overcome most autofluorescent backgrounds in biological systems. To extend the lifetime of fluorescent dyes and avoid the toxic effects of heavy-metal complexes on cells, organic fluorescent dyes with long fluorescence lifetimes are highly desirable. Adachi et al. reported a thermally activated delayed fluorescence (TADF) mechanism for realizing efficient organic light-emitting diodes. 9 TADF molecules undergo efficient reverse intersystem crossing (RISC) from a triplet excited state to a singlet state. As a result, these molecules generally exhibit ultrahigh fluorescence quantum efficiency U and ultralong fluorescence lifetimes, both of which are extremely useful for FLIM. For example, a fluorescein derivative and 2,3,5,6-tetracarbazole-4-cyano-pyridine-based organic dots have been used for FLIM in living cells (i.e., in vivo). 10, 11 The self-assembly of TADF molecules into large organic dots can combine the advantages of both small molecules and large nanoparticles for in vivo bioimaging. On one hand, the small molecular probe has deep-tissue penetration and ideal biodistribution. On the other hand, large organic dots lead to increased residence time in the target tissue of interest such as tumor. 12 However, these TADF probes were designed based on onephoton FLIM. Compared with one-photon FLIM, two-photon FLIM has significant advantages in terms of higher spatial resolution, deeper penetration depth, and lower phototoxicity. [13] [14] [15] However, the relevant studies on two-photon FLIM of TADF organic dots are rare and remain to be challenging.
In the present work, we synthesized the TADF molecule 4CzIPN, which comprises carbazole as the electron donor and dicyanobenzene as the electron acceptor. 9 The maximum two-photon absorption (TPA) cross-section of 4CzIPN was measured to be 9 GM (where 1 GM ¼ 10 À50 cm 4 s photon À1 ), and its fluorescence lifetime was up to 1.47 ls, which is comparable to that of luminescent pincer platinum(II) complexes.
3 Two-photon FLIM results show that 4CzIPN organic dots are internalized in cells and can efficiently eliminate autofluorescence from molecules in biological tissue.
The chemical structure of 4CzIPN is presented in Fig. 1 (a). Published by AIP Publishing. 112, 211102-1 [i.e., toluene, chloroform (CHCl 3 ), tetrahydrofuran (THF), and acetonitrile (ACN)]. The absorption bands of 4CzIPN are blue shifted when changing from low-to high-polarity organic solvents. The observed negative solvatochromism is related to the solute-solvent electrostatic interaction due to the molecular symmetric structure. 16 The peak emission wavelengths were measured to be 507, 524, 527, and 551 nm for 4CzIPN in toluene, CHCl 3 , THF, and ACN, respectively. The fluorescence peak clearly red shifts with the increasing polarity of the organic solvent. The redshift of the emission peak is attributed to the charge-transfer properties of the solventrelaxed emissive state. 17 Figure 1(b) shows that negligible linear absorption occurs in 4CzIPN from 500 to 900 nm, making it suitable for two-photon excitation. As expected, upon excitation at 800 nm, bright fluorescence still appears, and fluorescence emission spectra are readily detected [ Fig. 2(a) ]. To confirm that the fluorescence of 4CzIPN is indeed induced by twophoton excitation, its relative emission intensity was measured as a function of the excitation power at 800 nm. The data are well fit by a straight line on a logarithmic scale with a slope of about two, indicating the quadratic dependence on excitation power predicted by TPA theory [ Fig. 2(b) ]. 18 From an application viewpoint, elucidation of the TPA spectrum for 4CzIPN is important as it determines the most efficient wavelengths for two-photon excitation. The TPA cross-section r 2 of 4CzIPN was therefore measured at various wavelengths using the Z-scan technique. 19 Based on the analysis of r 2 as a function of the wavelength, we find that the peak TPA band appears to be significantly blue shifted with respect to twice the energy of the low-energy peak in the one-photon-absorption spectrum. The blueshift of the TPA peak is attributed to the different selection rules for one-and two-photon transitions. 20 The TPA cross-sections for 4CzIPN in toluene, CHCl 3 , THF, and ACN were measured to be 5, 7, 9, and 4 GM, respectively. Additionally, the TPA spectrum of 4CzIPN was calculated using modern analytical response theory as implemented in the Dalton software package, with the exchange-correlation functional B3LYP and the basis set 6-31G. 21 The calculated TPA cross-sections are in the same order of magnitude compared to the experimental results. Since the solvent influences have not been taken into consideration in the calculation process, the wavelength dispersion of calculated TPA cross-sections is different with respect to experimental results.
Because the steric hindrance between the carbazole and dicyanobenzene moieties leads to a large dihedral angle of about 60 between the planes of the carbazole and dicyanobenzene groups, 11 the nonplanar structure of 4CzIPN is considered undesirable for enhancing TPA. 22 As a result, 4CzIPN exhibits relatively small TPA in the measured spectral range. Two-photon brightness (or the action crosssection, r 2 ÁU) is an important parameter for practical bioimaging applications. The two-photon brightness of 4CzIPN in toluene, CHCl 3 , THF, and ACN was determined to be 4.7, 5.7, 5.6, and 0.8 GM, respectively. Although the TPA crosssections of 4CzIPN in the various solvents are relatively small, its two-photon brightness is still moderate and comparable to that of curcumin 23 and Ir(III)-complex-based phosphorescent polymer dots. 24 We therefore conclude that the high fluorescence quantum yield of 4CzIPN largely compensates for the decrease in two-photon brightness caused by the nonplanar molecular structure.
To further enhance the biocompatibility of 4CzIPN in living cells, stable 4CzIPN organic dots in aqueous solutions were formulated using the nanoprecipitation method, where a THF solution containing an amphiphilic copolymer (PEG-b-PPG-b-PEG) and 4CzIPN was quickly injected into water under sonication [ Fig. 3(a) ]. THF was then removed through natural volatilization to obtain water-soluble 4CzIPN organic dots. The results of dynamic light scattering indicate that organic dots have a relatively narrow size distribution with an average hydrodynamic size of 88 nm [ Fig. 3(b) ]. Furthermore, 4CzIPN organic dots were found to exhibit bright fluorescence upon irradiation by ultraviolet light [see the inset of Fig. 3(b) ]. Transmission electron microscopy images indicate that the organic dots possess a spherical morphology [ Fig.  3(c) ]. 4CzIPN organic dots exhibit double-exponential fluorescence decay behavior. The prompt component, which is attributed to the direct fluorescence emission from the S 1 state to the S 0 state of 4CzIPN organic dots, was measured to be $3.9 ns by using a time-correlated single-photon counting (TCSPC) technique at 25 C in air. Additionally, the delayed component of the organic dots, which is attributed to delayed fluorescence occurring via RISC, was also measured using a TCSPC technique [ Fig. 3(d) ]. The weighted-average lifetime of delayed fluorescence is calculated to be 1.47 ls, which is sufficiently long as compared to that of these short-lived endogenous dyes (on the order of hundred-picosecond to several nanoseconds) for FLIM. 25 To demonstrate the imaging ability of 4CzIPN in living cells, fluorescence images of HeLa cells inculcated with 4CzIPN organic dots (20 lM) were obtained from traditional two-photon confocal fluorescence imaging and two-photon FLIM. As shown in Fig. 4(a) , two-photon confocal fluorescence imaging shows that 4CzIPN organic dots readily enter the cytoplasm and exhibit strong fluorescence. The intensity of two-photon FLIM reveals that the signals are evenly distributed across the cytoplasm [ Fig. 4(b) ], which was consistent with the result of two-photon confocal fluorescence imaging. The lifetime map reveals that the lifetime of 4CzIPN organic dots is mainly distributed over a wide range from $2000 to 4000 ps in the cellular environment. More importantly, the signals from short-lived autofluorescence were remarkably reduced. It should be noted that the time delay could not go to a much longer regime ($ms) due to the high repetition of femtosecond pulses ($80 MHz) used in the FLIM. Even so, the experimental results presented here still can confirm that the 4CzIPN organic dots are promising for applications involving two-photon FLIM.
In conclusion, we report the TPA properties of a TADF molecule with carbazole as the electron donor and dicyanobenzene as the electron acceptor. By exploiting its reasonable TPA cross-section, high fluorescence quantum yield, and long fluorescence lifetime, organic dots based on this TADF molecule may be used in two-photon FLIM applications. We believe that TADF molecules may enable fresh probes for next-generation multiphoton FLIM applications.
